In this study, a miniaturized cruciform-shaped sample geometry which allows reaching high plastic strain under equibiaxial loading with reduced thickness at the test section is presented. The thinning method results in excellent surface quality that can be used for electron backscatter diffraction (EBSD) and high-resolution digital image correlation (HRDIC) investigations. The new cruciform geometry is used to study the slip activity in metastable austenitic stainless steel 304 during uniaxial and equibiaxial deformation using HRDIC. The results are discussed with respect to the Schmid law and the effect of multiple slip activity on the nucleation of martensitic transformations.
Introduction
Metals and alloys are subjected to biaxial stresses and strain path changes during sheet forming, drawing processes and under service conditions. Under these complex loading conditions, the deformation behavior and the mechanical properties can differ from those obtained under uniaxial loading conditions [1, 2] . The origin of such strain path dependence has to be found at the inter-and intra-granular level and hence understanding the materials deformation behavior requires a thorough characterization at these length scales [3] . Dislocation slip is an inherent anisotropic mechanism and upon strain path changes anisotropic dislocation substructures develop. Moreover, other deformation mechanisms such as twinning and/or deformation-induced phase transformations occur e.g. in transformation induced plasticity (TRIP) steels [1, [4] [5] [6] [7] [8] [9] . Since these mechanisms depend not only on materials parameters but also on the resolved shear stress, their activation depends on the strain path.
To gain insight into the dependence of the mechanical behavior on the strain paths, several biaxial deformation devices, using cruciform-shaped samples, have been employed in combination with microscopy, X-ray and neutron diffraction methods [4, [10] [11] [12] [13] [14] [15] [16] [17] . Significant work has been done to optimize the cruciform geometries in order to reach high plasticity at the center, avoid fracture at the cruciform arms, reduce the stress heterogeneity in the center of the cruciform and prevent shear loading in the cruciform arms [18] . It is commonly known that in order to reach high enough plasticity (i.e. >5% equivalent von Mises strain) at the place of observation, the center of a cruciform sample has to be thinned. This can be achieved by machining or laser ablation. The surface quality which can be obtained by these methods is good enough for e.g. X-ray diffraction techniques but not sufficiently good for being used in microscopy studies such as electron backscatter diffraction (EBSD).
Recently a miniaturized biaxial tensile device that can be installed on synchrotron beamlines and inside scanning electron microscopes (SEMs) has been developed [17] . The implementation in an SEM allows performing in-situ deformation studies while undertaking high-resolution digital image correlation (HRDIC). The latter provides full-field displacement maps at high magnification upon deformation and has been successfully employed for studying deformation mechanisms, strain partitioning and crack propagation under uniaxial loading tests using dogbone-shaped samples [19] [20] [21] [22] [23] [24] [25] [26] [27] . A flat cruciform geometry has been used in combination with HRDIC to investigate the martensitic transformation of superelastic NiTi in [11] , where it was seen that the flat geometry can be used for performing uniaxial and strain path changes, but it does not allow reaching high plastic strains at the center of the sample under equibiaxial loading.
Here we present an optimized cruciform shape geometry which enables performing in-situ SEM biaxial tests coupled with HRDIC analysis. The sample is fabricated using electrochemical micromachining (ECMM), a micromachining method providing high surface quality which can be readily used for metallography characterization [28] , and a picosecond laser for cutting the outline of the sample. The novel sample preparation method employed on a foil of austenitic stainless steel 304 (SS304) gives the possibility to reach high plastic deformation strains under uniaxial and equibiaxial load paths. The localization of plastic strain at the microstructural scale under uniaxial and biaxial strain conditions are discussed with respect to the obedience to the Schmid law for the activation of the slip systems within individual grains.
Experimental Procedure

Cruciform Samples
The optimization of the cruciform sample geometry is carried out with finite element simulations using the commercial ABAQUS/Standard software [29] . The stress-strain curve and isotropic elastic properties of SS304 obtained from uniaxial loading of a dogbone sample are used as materials properties input to the built-in model based on the Von Mises yield criterion and the associated flow rule [18] . Figure 1a shows the optimized geometry and a close view of the central pocket exhibiting a gradual thinning from 150 μm (arm) down to 40 μm (center). In order to improve the computational efficiency, only 1/8th of the entire cruciform geometry is simulated with symmetric boundary conditions being applied on the appropriate surfaces. A structured hexahedron mesh is employed with linear 8-node C3D8 elements as shown in Fig. 1b . The simulations are done with a linear loading (surface traction mode) to a target force of 35 N on each arm along 500-time steps. The forces are applied on the inside area of the holes at the arms; the arrows in Fig. 1b indicate the loading directions.
A SS304 foil of 150 μm thickness in annealed state with a mean grain size of 19 ± 5 μm, excluding the annealing twins, was purchased from Goodfellow, UK. The rounded-square pockets are fabricated with ECMM carried out at micropat SA, Switzerland on both surfaces of the foil [30] . First, an epoxy-based resist (KMPR 1010) is applied onto the foil by spin coating at 3000 rpm, followed by soft baking at 100°C for 20 min and hard baking at 180°C for 20 min. After curing, this layer (~10 μm) is locally exposed to a short-pulse UV laser (Spectra Physics Explorer 355 nm) to define the rounded-square openings to the underlying metal surface. The unprotected areas are neatly etched at the rate of 2.08 × 10 −2 mm 3 /C in the 3 M sulphuric acid-methanol solution at room temperature. A Bbathtub-like^depth profile in the pocket (Fig. 1a) and a smooth surface are obtained with high dimensional accuracy and good top-bottom pocket alignment. More details on the technique and its limitations can be found in [31-] . After completion of the electrochemical dissolution, the protective coating is stripped in N-Methyl-2-pyrrolidone (NMP) at 100°C. Once the pockets are introduced to the foil, the outline of the cruciform is cut using a frequency tripled Nd:YAG picosecond pulsed laser at the Swiss Federal Laboratories for Materials Science and Technology (EMPA). The power of the laser for cutting is 870 mW with 160 kHz pulse frequency, a pulse width of 10 ps and wavelength of 355 nm is used.
The above described sample preparation method ensures the material to retain the austenitic phase, i.e. avoiding the martensitic transformation induced by the deformation during mechanical surface preparation. Furthermore, no recrystallization, carbide formation or surface oxidation is to be expected at the temperatures used (i.e. maximum temperature of 180°C). Figure 2 shows the high surface quality achieved by the ECMM process, the polycrystalline microstructure can be clearly revealed by secondary electron (SE) imaging with SEM. 
Macroscopic Digital Image Correlation
In order to study the force-strain response of the cruciform samples under uniaxial and equibiaxial load paths, deformation tests using a mini-biaxial machine developed at Paul Scherrer Institute [17] are performed in combination with macroscopic digital image correlation (macro-DIC) analysis. The ECMM thinning process produces a mirror-like surface that does not give reflections to serve as DIC pattern. Therefore, the surface obtained from ECMM is slightly etched with solution of 170 ml H 2 O, 230 ml HCl and 20 ml HNO 3 for 5 min in order to introduce surface roughness, which serves as the surface features to be tracked for the macro-DIC analysis. During the displacement-controlled deformation (displacement rate 0.4 μm/s), series of images (with a resolution of 2484 × 3840 pixels) are taken at the center of the cruciform (field of view, FOV, of 0.9 × 1.38 mm 2 ) using a PixeLINK camera. The analysis of the DIC data is undertaken using the open source 2D-DIC software Ncorr [33] . The average equivalent strain is calculated from an area of 150 μm × 150 μm at the center of the pocket (see Fig. 3 ) using the relationship:
where ε x , ε y are the two in-plane strain components and ε xy is the shear strain obtained by DIC analysis. ε yz and ε zx are taken as zero and ε z is taken as:
EBSD
The high surface quality of the pocket after ECMM makes it suitable for EBSD mapping without further preparation. EBSD studies of the initial microstructure (undeformed) are undertaken at the center of the cruciform pocket. The area of interest for the HRDIC study is mapped for two samples, one that will be deformed under uniaxial and the other under equibiaxial load paths. The EBSD maps are acquired with a field emission gun (FEG) SEM Zeiss ULTRA 55 equipped with an EDAX Hikari Camera, at 20 kV in high current mode with a 120 μm aperture. The EDAX OIM Analysis 7.3 software is used for post-processing the EBSD raw data and plotting the {111} traces in each grain and to reveal the average Schmid factor of all slip systems under uniaxial or equibiaxial loading.
HRDIC
The fine gold speckle pattern for HRDIC is obtained by the remodeling process of a thin gold layer [20] The HRDIC data is analyzed with Ncorr [33] , using a subset radius of 15 pixels, 0 subset spacing and a strain radius of 3 pixels. These settings give a virtual strain gauge (VSG) of 1 pixel according to Ref. [34] .
Thermal drifts and lens distortions in SEM imaging have been found to cause pseudo-strains in SEM DIC studies, methods for removing these artifacts and for obtaining reliable strain magnitudes have been suggested [35] [36] [37] [38] [39] [40] . In order to investigate the drift distortions under the conditions of the HRDIC measurements, tests using a G-1 Si calibration grid from Pelcotec™ are performed before the cruciform tests. Two SEM images with a 10 min time gap between them are captured and analyzed with Ncorr following the guide and parameters in Ref. [35] . The analysis shows an average equivalent pseudo-strain of 0.11% due to thermal drifts within a 10 min time gap. This magnitude of pseudo-strain is low compared to the strain concentrations that are observed due to slip (typically in the range of~10-35%), and do not affect the qualitative characterization of the activated slip systems which is based on the inclination of the slip traces. Hence, correcting the strain magnitude for the present analysis is not crucial. 
Results and Discussion
Force-Strain Response of Cruciform Samples
The simulation shown in Fig. 4a demonstrates that the cruciform geometry allows reaching more than 25% plastic strain in the center under equibiaxial loading. Figure 4b compares the force-strain curves obtained from simulations (dashed lines) and from macro-DIC analysis (solid lines) for both load paths confirming the capability of reaching high strain levels. The resulting force in the case of equibiaxial load is taken as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q from the corresponding force readings on the two axes. The FE simulation is able to capture the experimental data relatively well. Small deviations may occur due to: i) the development of texture during plastic deformation, whereas the simulation considers isotropic mechanical properties ii) small differences in sample geometry between the model and the experiment, due to tolerances in ECCM and laser-cutting and iii) the DIC providing only the strain components ε xx , ε yy and ε xy to calculate the equivalent strain. The good match between simulation and experiment allows using the FE simulation for estimating the stress values at the center of the cruciform shaped specimens under the different loading conditions. This is known to be non-trivial as cruciform samples do not possess a well-defined cross-section as compared to uniaxial dogbone samples [10] . Figure 5 shows the EBSD map of the initially random texture of the fully austenitic microstructure. Figure 5a shows the area for which HRDIC images are taken under uniaxial deformation and Fig. 5b the area examined under biaxial deformation. The inverse pole figure (IPF) maps are shown with respect to the loading direction, i.e. along direction-2 under uniaxial loading (see the inset with the axes labels in Fig. 5 ) and along direction 3 for equibiaxial (equibiaxial loading along directions-1 and -2 is equivalent with compression along direction-3). In both areas the grains are labeled to facilitate further discussion related to the deformation mechanism. Figures 6 and 7 show the HRDIC maps obtained at 2%, 6%, 10% and 14% global strains under uniaxial and equibiaxial loads respectively. The above equivalent strain values correspond to respectively 355, 456, 543 and 624 MPa equivalent stress at the center of the cruciform, as calculated from the FE simulation of the corresponding load paths. Table 1 summarizes a relatively good agreement between the microscopic strain obtained from averaging the equivalent strain within the FOV of the HRDIC map and the macroscopic strain obtained from the macro-DIC. The evolution of the plastic deformation within the FOVof HRDIC is evidenced by the increasing density and strain magnitude of the slip traces. Each grain exhibits its own slip traces with a characteristic trace inclination which corresponds to one of the possible {111} slip-plane traces. Tables 2 and 3 list the observed slip traces, the corresponding Schmid factor and the equivalent macro strain at which each slip trace is observed for the first time for the grains marked in Fig. 5a and b (uniaxial and equibiaxial loading respectively). Figure 8 shows an example of grain 1 under uniaxial loading for which ] becomes pronounced only after 10% global strain. In some grains slip traces of two systems are already present at 2% strain (see Table 3 ). The Schmid law is mostly respected during uniaxial and equibiaxial loading as previously reported for uniaxial deformation on SS301 and SS304 [19, 21] . Figure 9 shows a statistical analysis of the obedience to the Schmid law. More than 80% of the grains in the field of view exhibit primary activated slip systems with the highest SFs for both load paths (see Fig. 9a ). Secondary or tertiary slip systems are observed in some grains; however, under equibiaxial loading multiple slip is observed in more grains than under uniaxial loading (see Fig. 9b ). Under uniaxial loading, the second and third slip systems follow the Schmid ranking (see Fig. 9c ), e.g. in grain 6 under uniaxial loading, two slip systems are observed: (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) [−1-10] with the highest SF (0.4942) and (11-1) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] with the second highest SF (0.4331). Under equibiaxial load there are however a few grains for which this ranking is not followed as for instance in grains 1, 4, 10 and 18 (see Table 3 for details on the ranking). It should be noted that in the present analysis, grain interactions which can locally alter the stress state and activate other slip systems are neglected. Therefore, the behavior of the grains is described in terms of the Schmid law with respect to the macroscopic stress state.
Slip Traces Observed with HRDIC
Equibiaxial load is found to enhance the activation of multiple slip systems at the same equivalent strain as uniaxial load. Nearly 57% of the grains contain secondary or tertiary slip systems when subjected to equibiaxial load, whereas, under uniaxial loading, only 38% of the grains exhibit multiple slip systems (see Fig. 9b ). This result is in good agreement with a previous study of SS304 austenitic stainless steel, where 10 out of 26 studied grains (38%) exhibit multiple slip systems under uniaxial tension [21] . The SS304 studied here is known to partially transform into martensite at equivalent strains larger than 20% [41] . It has been observed that the transformation occurs earlier under equibiaxial deformation than under uniaxial [41] . The activation of more slip systems suggests the existence of more shear band intercepts during equibiaxial deformation, hence providing more nucleation sites for martensite [42] [43] [44] . The present study supports well this explanation and shows that in-situ HRDIC provides statistically relevant information at the grain level for the observed difference in the martensite formation under uniaxial and equibiaxial loading at large strains. Further quantitative investigation of the deformation-induced martensite and of the dominant deformation mechanisms under different load paths is the scope of another study.
Conclusions
A miniaturized biaxial cruciform geometry is presented that allows combining HRDIC in-situ during uniaxial and biaxial deformation. Utilizing electrochemical micromachining for preparing the sample geometry offers: i) thickness reduction at the center of the cruciform and concentration of uniform deformation at the center and ii) excellent surface quality allowing EBSD characterization and HRDIC studies after deposition of gold particles. The experimental mechanical results are in good agreement with FE simulations, allowing for estimating the stress values at the center of the cruciform sample for the strain values at which HRDIC was performed. Application of this new geometry combined with HRDIC on SS304 shows that after yielding, the activated {111}<110 > slip systems are in good agreement with the Schmid law for the majority of the grains. For similar equivalent strain values, equibiaxial loading activates more slip systems compared to uniaxial loading, which according to the martensite nucleation theory would increase the deformationinduced martensite nucleation sites. 
